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ARTICLE INFO ABSTRACT

Surface resistance

Keywords: Trees have a large role in improving urban air quality, among other mechanisms, through dry deposition of
Canopy patches scalars and aerosols on leaf surfaces. We tested the role of leaf density and canopy structure in modulating the
]S“ealf de;s“y rate of dry deposition. We simulated the interactions between a virtual forest patch and deposition rate of an
calar riux

arbitrary scalar using the Parallelized Large Eddy Simulation Model (PALM). Two canopy structures were
considered: a homogenous canopy and canopy stripes. For each canopy stripe scenario, we considered thin,
intermediate, and wide stripes, while the space between stripes equals the stripes’ width. Four leaf area densities
were considered for each case (LAI = 0.5, 1, 1.5, and 2). The results showed that denser canopies and canopy
stripes experienced more total deposition, noting that stripes had a larger per leaf area deposition than homo-
geneous canopies. Our results can be explained by canopy-induced turbulence structures that couple the air
within and above the canopy and lead to more effective leaf area where this coupling is stronger. We aggregate
our results to the whole-patch scale and suggest a canopy-structure and leaf-area dependent correction to the

canopy resistance parameter so to be used in coarse models that resolve dry deposition.

1. Introduction

Trees are essential in the regulation of air quality by uptake and
emission of scalars, including air pollutants. It has been previously
demonstrated that greenspaces management that includes trees in urban
spaces is a potential strategy to improve air quality (Baro et al., 2014;
Escobedo et al., 2008; Grote et al., 2016; Nowak et al., 2014). It has also
been shown that forested greenbelts are particularly effective in regu-
lating air quality around industrial sites (Gopalakrishnan et al., 2019).
Techno-Ecological Synergy (TES) is an approach for designing sustain-
able industrial complexes. TES involves the ecosystem in improving the
sustainability of an industrial design by taking advantage of existing
synergies between technological and ecological systems, e.g. waste-
water treatment through wetland ecosystem, freshwater availability
from local watersheds, and air quality regulation by forest ecosystem
(Gopalakrishnan et al., 2016; Gopalakrishnan and Bakshi, 2017).

Trees can improve air quality by dry deposition of pollutants on leaf
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surfaces. Gaseous pollutants dry deposition occurs through leaves’ sto-
mata, while both and gas and particles adhere to leaves’ surface through
sorption and impaction (Nowak, 2002). Dry deposition in forest can-
opies has been studied extensively over the last decades (e.g., Hicks
et al.,, 2016 and references within). Predicting dry deposition rates re-
quires determining the aerodynamic resistance of the boundary layer,
canopy air, skin-surface layer, and, for active uptake, stomatal resistance
(Wesely and Hicks, 1977). These resistances are all modulated by leaf
area density (Meyers et al., 1989) and atmospheric stability (Gronholm
et al., 2009). Models for estimating dry deposition typically utilize the
multiple resistance approach, where deposition rate is considered the
inverse of the sum of the different resistances along the path of the
deposited particle from the air to the leaf surface. They represent tree
canopies either as a simplified big-leaf, or as a spatially uniform, verti-
cally multi-layered model (Cherin et al., 2015; Hicks et al., 1987;
Meyers and Baldocchi, 1988; Ruijgrok et al., 1997). Even the most
advanced models, such as i-Tree Eco (Hirabayashi et al., 2012), which

E-mail addresses: yazbeck.3@osu.edu (T. Yazbeck), bohrer.17@osu.edu (G. Bohrer), vines.24@osu.edu (C. Vines), frederik.de.roo@met.no (F. De Roo), matthias.

mauder@kit.edu (M. Mauder), bakshi.2@osu.edu (B. Bakshi).

https://doi.org/10.1016/j.agrformet.2021.108440

Received 30 July 2020; Received in revised form 15 April 2021; Accepted 15 April 2021

0168-1923/© 2021 Elsevier B.V. All rights reserved.


mailto:yazbeck.3@osu.edu
mailto:bohrer.17@osu.edu
mailto:vines.24@osu.edu
mailto:frederik.de.roo@met.no
mailto:matthias.mauder@kit.edu
mailto:matthias.mauder@kit.edu
mailto:bakshi.2@osu.edu
www.sciencedirect.com/science/journal/01681923
https://www.elsevier.com/locate/agrformet
https://doi.org/10.1016/j.agrformet.2021.108440
https://doi.org/10.1016/j.agrformet.2021.108440
https://doi.org/10.1016/j.agrformet.2021.108440
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agrformet.2021.108440&domain=pdf

T. Yazbeck et al.

provide highly resolved tree-level prediction of deposition rates by
multiple pollutants, incorporate an implicit assumption of patch-level
horizontal homogeneity of canopy structure, when scaling from the
uptake by a single tree to uptake by a patch of trees. The finer details of
the three-dimensional spatial structure and organization of the vegeta-
tion canopies is typically lost. Our study assesses the effect of spatial
heterogeneity of leaf density and crown spacing of canopy patches on
dry deposition rates in order to have a more efficient design of the forest
ecosystem in regulating air quality around industrial complexes. We
focus on the interactions between crown structure and aerodynamic
resistance on passive dry deposition, and do not consider the added
complexity of the dynamic chemistry, VOC emissions and active stomata
uptake of atmospheric chemical.

Going beyond assumed spatial homogeneity requires a high-
resolution understanding of pollutants transport in the atmosphere
and particularly through the canopy air space. Canopy-resolving large
eddy simulations (LES) are developed to simulate deposition of scalars
or particles in forests or agricultural vegetation canopies (Aylor, 2005;
Bohrer et al., 2008; Boughton et al., 1987; Damschen et al., 2014;
Raupach, 1989). LES can provide sufficient resolution to allow the
investigation of the dynamics of scalar transport and uptake, while
resolving the particular effects of canopy edges, turbulence in the
canopy-roughness sublayer, and the empty spaces between canopies.

Canopy structure has a major contribution to the shape and intensity
of turbulent motions through the formation of coherent eddies at the
canopy scale (Raupach et al., 1996). These canopy-generated coherent
eddies are integral to the transport of momentum and mass, including
scalars, such as air pollutants (Finnigan et al., 2009; Gao et al., 1989).
These interactions are further confounded by the structure, scale, and
degree of spatial heterogeneity of the canopy roughness sublayer
(Bohrer et al., 2009; Bou-Zeid et al., 2004; Sutherland et al., 2018).
Several canopy characteristics were reported to affect scalar transport
and surface uptake, including patch-scale canopy structure (patch shape
and size, gap fraction, row spacing, etc.), tree-scale canopy structure
(crown shape, stand density, species composition), and leaf-scale canopy
properties, such as leaf skin characteristics, leaf shape and clumping,
species-specific organic chemistry (Beckett et al., 2001; Cassiani et al.,
2008; Dupont and Brunet, 2009, 2008; Dupont and Patton, 2012;
Freer-Smith et al., 2004; Jones and Davies, 2017; Patton et al., 2011),
which consequently affect dry deposition rate of scalars on trees.

Many earlier investigations attempted to study the effect of tree
patches and densities on particle deposition, but were mostly focused on
urban trees and street canyons (Gromke and Ruck, 2012; Morakinyo and
Lam, 20164, 2016b; Pugh et al., 2012; Salmond et al., 2013; Wania et al.,
2012), while others focused on forest-edge effects on deposition, which
was to experience the highest deposition in the forest (De Ridder et al.,
2004; De Schrijver et al., 2007; Wuyts et al., 2008). Hicks (2008) showed
that deposition on the forest edge was high and then decreased expo-
nentially inside the canopy, where the number of crosswind edge per
unit area of consideration was an important parameter in investigating
edge effect on dry deposition. Tetzlaff et al. (2002) showed that in-
homogeneity in forest edges induced more turbulent transport
compared to homogeneous canopies. Therefore, surface resistance, i.e.
deposition rate, was sensitive to forest patches and edges set up (De Jong
and Klaassen, 1997). Similarly, leaf density influenced canopy induced
turbulence, resulting in a non-linear effect between leaf area index (LAI)
and deposition rate (Erisman and Draaijers, 2003), which was not well
resolved by analytical model (Petroff et al., 2008). Katul et al. (2011)
showed that near-constant leaf density profile resulted in low deposi-
tion, while concentrated foliage on top of the canopy increased depo-
sition with increasing LAIL

The multiplicity of these characteristics, the complexity of the way
they can interact, and the large range of scales over which these in-
teractions are effective, make it hard to conduct real-world, controlled
experiments that could isolate and quantify the role of each character-
istic. Therefore, an in-silico LES-based approach is critical to studying the
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effects of the canopy structure on scalar dry-deposition dynamics, and
resolve the way in which specific canopy characteristics affect the ability
of the canopies to uptake pollution.

In our study we are investigating the effect of canopy patches and
density in a forest context on dry deposition, where tree greenbelts are
located downstream of a gaseous (scalar) air pollution source. We used
the PArallelized Large-eddy simulation Model (PALM) (Maronga et al.,
2015), which simulates a passive scalar transported by wind and
deposited on trees, and follows the Eulerian approach for transport of
gas-phase scalars. We utilized PALM for virtual experiments studying
the effects of canopy organization (homogeneous or rows, different row
spacing) and density (high or low leaf area) on the dry deposition rates
of an arbitrary scalar under stable and unstable atmospheric conditions.
This experiment represents a scalar emitted from an arbitrary virtual
industry stack, and transported toward a structured canopy array
downwind. PALM output allow the analysis of scalar and momentum
transport within the canopy roughness sublayer and sinks into the
canopy. Therefore, the resulting scalar uptake by the different canopy
setups and densities will allow us to identify the effects of different
characteristics of vegetation canopy structure on aerodynamic resis-
tance and the effectivity of the vegetation in pollutant removal.

2. Methodology
2.1. PALM

The PArallelized Large-eddy simulation Model (PALM) (Maronga
et al., 2015) has been extensively used for simulation of turbulence in
the atmospheric surface and boundary layers (e.g., Huq et al., 2018;
Letzel et al., 2012; Park and Baik, 2014; Raasch et al., 2017; Raasch and
Schroter, 2001). Several PALM-based studies explicitly investigated the
interaction of forest canopy structure and the atmospheric boundary
layer (Banerjee et al., 2017; Kroniger et al., 2018; Kurppa et al., 2018;
Resler et al., 2017). PALM release 6.0 r4359 was used in this experiment.
The PALM setup and user input files used for our simulations were
included in the Supplementary Material.

PALM 6.0 has seven prognostic variables: the velocity components
(u, v, and w), potential temperature, specific humidity, the subgrid-scale
turbulent kinetic energy (TKE) and a passive scalar. All variables are on
a Cartesian grid, but the velocities are staggered with respect to the
scalar, with the staggering along their own direction. PALM utilizes the
filtered, non-hydrostatic, incompressible Navier-Stokes equations in
Boussinesq approximated form. While PALM can resolve moist atmo-
sphere, we did not want uncertainty in vegetation transpiration and
stomata conductance to affect our results and set up the simulation to
run using dry air only. The governing equations for momentum, tem-
perature and scalar in dry air simulations in the simulation domain are
as following:

ou; 1 ou;u; _ 0 (n 0,— <86, >
T ax,»} — Efill + Enifattg; — o (;) <o > o
190 [(—— 2 o
— u”iu”j — —e(sij — caLAD~ uuy, 1)
p 0x; 3
Ol
0xj
00 Lopwf 1 0 — 0Qy
22 7 (pu 6 3
ot p O0x;  pox (pu's6") + 0z ®
op lopup 1 0 , —
£ _ . Pu;p _ -7 (pM”/'{O”) _ C¢LAD\/ﬁk_ﬁk(¢ — §0<‘.0) ()]

ot P ax]' P an

where u; =u, u; =v, and uz = w are the velocity components [m s71,
along the spatial axes coordinate x; = x, X2 =Y, and x3 = 2, [m], along
the latitudinal (x, eastward), longitudinal (y, northward), and vertical
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(z, upward) directions, respectively. An overbar marks the grid box
resolved component, and a” marks sub-grid-scale perturbations from the
resolved component.t is time [s], fi = {0;2Qcos(¢); 2Qsin(¢)} is the
Coriolis parameter [s’l] with Q=0.729 x 1074 [rad s’l] is the Earth’s
angular velocity and ¢ is the geographical latitude (55 degrees North in
this case), u,; are the geostrophic wind components [m s71, pis the
basic density of dry air [kg m™°], =" =p* + Zpoe is the modified
perturbation pressure. p*is the perturbation pressure [hPa], e = %ru”] is
the subgrid-scale turbulent kinetic energy [m? s~2], which is prognosed
by PALM’s subgrid-scale turbulence scheme, 6 is the potential temper-

ature [K], 6, is the virtual potential temperature [K], u”;¢" is the subgrid-
scale diffusion of temperature, g is the gravitational acceleration [m
572]. @ is the scalar concentration [kg m’3], W is subgrid-scale scalar
diffusion, LAD is the leaf area density [m?m™3] , €4 is the drag coefficient
(dimensionless), c, is the scalar exchange coefficient (dimensionless),
and Qy(z,) is the heat flux on top of the canopy layer [K m s 1] (Mar-
onga et al., 2020, 2015). Water exchange between the canopy and at-
mosphere was not considered in our simulations, and latent heat flux
was set to zero.

Discretization is applied throughout the PALM simulation domain by
using the finite-differences approach on horizontally equidistant grid.
PALM uses the Arakawa and Lamb (1977) type-C, staggered grid
scheme. Numerical integration is done using an upwind-biased 5 order
differencing scheme in combination with 3' order Runge-Kutta time
stepping. The time step is dynamic, and calculated based on maximal
wind speeds in the previous time step, relative to grid spacing. Subgrid-
scale diffusion terms for momentum and scalar are parametrized using a
1.5-order closure based on Deardorff (1980). PALM follows the modified
method of Moeng and Wyngaard (1988) and Saiki et al. (2000). Under
convective conditions, subgrid-scale diffusion is proportional to the
geometric mean of the grid size (length scale) and to the root of the
resolved turbulence kinetic energy (velocity scale).

PALM’s canopy model calculates the exchange of momentum, scalar
mass and heat between the canopy and the atmosphere over several
vertical grid points layers, while taking into account the variation of
drag induced leaf density within the canopy subdomain (below the top
canopy height). The canopy is modeled as a porous medium, i.e. does
not act like a wall but air can infiltrate into the canopy, and the leaf drag
(last term of eq. 1) removes momentum from the flow (Shaw and
Schumann, 1992; Watanabe, 2004). The canopy leaves are also
considered a source or sink for heat (last terms of equations 3). For the
vertical kinematic canopy heat flux, dQ,/dz [K m s~11, PALM follows an
exponential decay function proportional to the incoming shortwave
solar radiation attenuation into the canopy, as in Brown and Covey
(1966) (Maronga et al., 2015):

00(z) = Qol(zc)exp(—nLAl(z)) ©)
where
LAI(z) = /LAD dz 6)

and z, is the height of the top of the canopy, and 7 is a unitless coefficient
for the rate of shortwave radiation extinction through the canopy, set to
0.6. The canopy effect on scalar is accounted for through the last term of
Eq. 4, which follows the assumption that the scalar sink into the vege-
tation surface is proportional by the concentration gradient between the
air and leaf surface (Maronga et al., 2015). Technically, the canopy
could be a source for scalar if p<¢,, in Eq. 4. However, in our simula-
tions, we set ¢, = 0, since we assume no scalar accumulation on scalar
leaves, thus canopies are always acting as a sink for scalar.
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2.2. Virtual experiment

Canopy patches considered were stripes of various densities and
spacing, and homogeneous canopies of different densities under mild
unstable boundary-layer conditions and stable conditions. We chose an
arbitrary, but common, canopy structure expressed as a maximal leaf
area of 4 and canopy top height of 20 m. While our simulations represent
arbitrary virtual cases and do not represent any specific location, some
needed details, such as the combination of wind speed, temperature and
its vertical profile, incoming solar radiation and surface heat flux must
be coordinated to form a realistic simulation case. These parameters
were based on observations at an arbitrary day in a forest flux station in
Indiana and a nearby airport sounding station in Ohio. Within the
multitude of variables and dimensions that control surface-atmosphere
interactions, we attempt to generalize our finding along two di-
mensions only — leaf density and row spacing (indicative of the length-
scale of surface heterogeneity, relative to canopy height). We added
the PALM simulation-setup and user-domain-definition files for the
simulations that were discussed in this manuscript in the Supplementary
Material.

2.2.1. Domain

This virtual experiment aims at simulating the interaction of a
downwind canopy with an arbitrary scalar, representing a virtual
pollutant released from an upstream source. It is set up to study the
effects of canopy density and spatial structure on the efficiency of these
canopies at removing the scalar by dry deposition. A rectangular domain
was considered, 96 x 432 x 192 grid points with a 5 x 5 x 5 m® res-
olution, thus with dimensions of 480 x 2160 x 960 m® using the x x y x
z convention, where x is the eastward, y is the northward, and z the
upward axes. The geostrophic wind aloft, directed along the y direction,
and Coriolis formed Ekman-spiral rotation of the wind directions toward
the domain floor. The canopy occupied the xy plane over the full width
of the x dimension and from grid 288 to 432 (1440 m-2160m) at the y
dimension (Fig. 1). The canopy was four grid layers (20 m) tall.

The simulation is initialized as vertically prescribed and horizontally
homogenous profiles of wind speed and temperature. To reach realistic
turbulence mixing and a stationary equilibrium vertical wind speed
profile, we run for 6.5 hours of spin up time. Scalar release locations
were prescribed at all elevations in a vertical rectangular prism located
at grid coordinates [46:49, 5, 1:190] (grid numbers along the [x, y, z],
directions, respectively). This scalar source is stationary, injecting scalar
at a nominal rate of 0.001 [kg m~2 s'] from each grid box, starting 5
hours into the simulation time (which is also an hour and a half before
the end of spin up time). Therefore, during our 30 minutes’ simulation
(hours 6.5 to 7 of overall simulation time), we reach fully turbulent
conditions and a realistically mixed scalar background concentration. It
is noteworthy that a wider scalar-source column (along the x dimension)
would have helped reaching a well-mixed background concentration
faster, however, in PALM, scalar sources are assumed to represent
physical structures and, therefore, it acts as a barrier for the wind (i.e. a
physical “wall”) which significantly affects the wind distribution at the
downwind direction. To minimize such effect, we used a very narrow (4
grid wide) “Scalar Column”. The canopy was located around 1.3 km
north of the scalar source to allow it to mix vertically and horizontally.
Our analysis shows that the scalar concentration is well mixed when it
hits the canopy as shown in Fig. 2. Lateral boundary conditions are
cyclic for all variables, including scalar. Top boundary conditions for
momentum and scalar are free-slip and Neumann for potential temper-
ature with a prescribed gradient based on the initial profile. Bottom
boundary conditions for momentum are no-slip with a Monin-Obukhov
based flux prescribed at the surface grid. Bottom boundary conditions
for all other variables are free slip, with surface fluxes prescribed as sink
terms over the entire horizontal and vertical extent of the canopy sub-
domain. Other variables boundary conditions are listed in the Supple-
mentary Material. Surface flux of scalar is prescribed as a sink term
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Fig. 1. Outline of the 3D simulation domain.
Canopy-containing grid boxes for the homoge-
nous cases are illustrated in green (both dark
and green), and orientation of the edges of
canopy stripes in the Str2h case are illustrated
in light green. Geostrophic wind forcing direc-
tion and speed is indicated by the magenta top
arrow (forcing aloft). Blue arrows represent the
horizontal averaged u and v wind components
at different elevations, which resulted from the
wind forcing aloft and Coriolis force. Scalar is
released from a vertical column (grey) 25 me-
ters (5 grid points) from the upwind boundary

of the model and at all elevations from z=0:960 [m above ground]. The red background represents an instantaneous snapshot of potential temperature at the west,
north and surface boundaries at the start of data analysis period (last 30 min of simulation) (red-scale color bar [k]).
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flection point of the wind-speed profile. Both plots are for the case of homogeneous canopy with LAI = 1.5.

throughout the canopy sub-domain. Thus, all released scalar that was
not absorbed by the surface stays in the model. While that leads to a slow
buildup of scalar concentration throughout the simulation domain, the
purpose of this study is to compare among the effects of different canopy
structures and densities on dry deposition, thus, we are comparing scalar
uptake rates among cases of different canopy structure but identical
scalar release rate. Our results confirm that scalar concentration shortly
upwind of the first canopy edge is consistent among the different sim-
ulations, though not equal. Upwind scalar concentration slightly differs
among different canopy patches and densities, but with minimal effect
on deposition rates.

Table 1.

Fig. 2. (a) Scalar Concentration along the y-
axis at different heights. Heights are normalized
by canopy height, h. Scalar concentration is
averaged along the x-axis and during the anal-
ysis portion of the simulation time (last 30min).
(b) Wind speed profiles along the bottom 60m
of the simulation domain (left vertical axis of
the panel) and along the full height of the
simulation domain (right vertical axis of the
panel). The red dot marks the aerodynamic
height of the canopy, as detected by the in-

slope, 0.01 [Km™!]. In the mixing layer, we set the potential temperature
constant (slope = 0). At the surface layer we set the slope of potential
temperature based on the average observed near-surface slope from
sounding. The full potential temperature profile input is presented in

2.2.2.2. Forcing. The forcing considered are to simulate atmospheric
conditions in Cincinnati Ohio, and while the location is arbitrary and
have no particular importance to our analysis, our project was inspired
by an actual case at that location. Thus, input data were taken from
stations close to that geographic area. The sensible heat fluxes and

surface temperature data were taken from the AmeriFlux database for

2.2.2. Initial conditions

We simulate an arbitrary, characteristic, clear-sky, summer day
under mildly unstable conditions. We also include a limited set of two
simulation cases under stable conditions. We used observations to define
such realistic combination of meteorological conditions. These condi-
tions are manifested in the input through prescribing the initial hori-
zontal wind, humidity and potential temperature profiles, which define
the height of the boundary layer, and the surface fluxes of sensible and
latent heat, which combine with the wind profile to define the stability
condition. The wind profile used at initialization was further used as the
geostrophic wind profile for lateral wind forcing during the simulation.

the Morgan Monroe State Forest site in Indiana, site ID: US-MMS
(Novick and Phillips, 2020). An arbitrary summer day without precipi-
tation was picked, 08/01/2014, and near-surface air temperature, ra-
diation and heat fluxes were based on the observations for the morning
time of that day.Geostrophic wind was forced as ug2 = 4 [m s’l] and ug
=0 [ms '], where, ug 2, was oriented northward. As for the scalar flux,
an arbitrary flux rate = 0.001 [kg m~2 s~'] was prescribed. All initial
parameters and forcing are summarized in Table 1. All simulations
assumed the same, flat topography. The effect of Coriolis force was

2.2.2.1. Potential temperature profile. Upper-atmosphere potential tem-

perature profile data was processed based on the National Oceanic and
Atmospheric  Administration = (NOAA) radiosonde database,
(“NOAA/ESRL Radiosonde Database,” 2019) from Wilmington OH
(Station ID WBAN:13841). Observations are provided on a daily basis, at
7:00 am and 7:00 pm local time, and the average profile for summertime
morning data was considered for unstable simulations and after noon
data were used for stable. Summer potential temperature profiles up to
3000m height were studied from year 2014 till 2017.

The profile was divided into three layers: surface layer, mixing layer,
and free atmosphere. We idealized the initial atmospheric temperature
profile using a different slope for each layer, while keeping the slope

Table 1
Forcing for all simulation cases.
Parameter Unstable Stable
Sensible heat flux (integrated from ground 14.329 -24.085
surface to canopy top) [W m~2]
Initial potential temperature at surface [K] 295.45 292.81
Initial potential temperature profile -0.0001; 0.00; 0.07;0.00;0.01
gradients [K m 0.01
Potential temperature profile gradients 0:75; 80:395; 0:75; 80:395;
levels [m] 400:960 400:960
Geostrophic wind V-component [m s~!] 4.0 4.0
Geostrophic wind U-component [m s 0.0 0.0
Scalar flux (at each grid box that releases 0.001 0.001
scalar) [kg m 2s7!]
Leaf drag coefficient, cq [dimensionless] 0.15 0.15
Scalar exchange coefficient, c,, 1 1

constant within each of the layers. In the free atmosphere, we set the

slope of potential temperature increase with height equal to adiabatic [dimensionless]
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included in the simulation dynamics, using the default PALM setup.
Fig. 2 (a) shows the scalar concentration along the model y-axis, where it
could be seen that inside the canopy scalar concentration significantly
drops while as going up in height the drop in scalar concentration is less
significant.

2.2.3. Canopy setup

Four virtual canopy structures were considered: (i) homogeneous
canopy (Hom); and canopy stripes oriented along the x-axis (Table 1).
The interaction between Coriolis and surface drag produced a rotation of
the flow field (Ekman spiral) that resulted in an incident angle close to a
diagonal at the height of the canopy top for all patches, thus, strip
orientation formed an angle with the incident wind direction at that
height. Three different stripe widths were considered: (ii) 0.5h (Str0.5h);
(iii) Ih (Strlh); and (iv) 2h (Str2h), where h = 20 [m] is the canopy
height. The width of spaces between stripes was equal to the stripe
width.

Four leaf-density levels were considered for each canopy structure:
LAI = 0.5; 1; 1.5; and 2 [m?jeat m'2grmmd]. It is important to note that LAI
represent the average leaf area per ground area, and therefore, it is a
scale-dependent property, which depends of the ground area that the
leaf area is averaged over. For example, in the densest striped case, LAI
within forested columns was 4, and between the stripes it was 0, aver-
aging over the whole model domain that represents the canopy
(including both tree and empty stripes) LAI average to 2. This creates a
fundamental difference regarding leaf area density between the ho-
mogenous canopy where leaves are evenly spread and the striped can-
opies where leaves only occupy half of the canopy area. While the
whole-canopy domain-average leaf area in the homogeneous and stri-
ped cases are the same, the leaf density within the forested locations in
the striped cases is double that of the corresponding homogeneous
canopy. To enable a comparison between striped and homogenous cases
in terms of both mean leaf area and within-crown leaf density, we added
two additional cases of homogeneous canopy with LAI of 3 and 4. These
represent cases where leaf density in the forested parts matches that of
the striped cases with whole-canopy average LAI of 1.5 and 2, respec-
tively. Naturally, there could be an infinite number of canopy organi-
zations. Canopy can cluster at other shapes than stripes, in blocks and
circles, and irregular patches. In this study, we focus on canopy stripes.
We chose this focus because canopy stripes are relatively common, for
example, in orchards and boulevards. The LAI and canopy height were
constant within a row (or throughout, in the homogeneous cases), while
vertically, a leaf area density (LAD) profile was prescribed for each
canopy level. LAD profile is vertically integrated to LAI The different
LAD profiles had similar normalized shape (per unit LAI and height)
based on a default LAD profile provided by PALM. The discrete LAD
profiles within our simulation vertical grid spacing were slightly
changed among different LAI cases so that the profiles willvertically
integrate to the prescribed LAI for the case. These LAD profiles are
shown in Fig. 3. The leaf-drag coefficient was set as ¢q = 0.15, which is
the default value used in PALM. PALM uses a dimensionless leaf-scalar
exchange coefficient. As this is a purely virtual case, we chose the sim-
ple assumption of no scalar accumulation on the leaf surfaces (effec-
tively, zero scalar concentration at the leaf surface) and an arbitrary
scalar exchange coefficient value c,= 1.

3. Results

Instantaneous snapshots of prognostic variable values were output
every 5 seconds throughout the last 1800 seconds of simulation time.
Instantaneous deposition rate was calculated using these output data.
Scalar fluxes were calculated as the covariance between vertical wind
component and scalar concentration. We used the difference between
the value at each grid point throughout the simulation domain and the
spatial and temporal means over the 30 minutes’ simulation time at each
horizontal grid layer to get the instantaneous deviation from the mean
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Fig. 3. Leaf area density profiles for the simulation cases with different LAL

vertical wind velocity and scalar concentration. At each grid, the tem-
poral average of the products of these vertical wind and scalar concen-
tration deviations provides their covariance at that grid point. We
averaged the grid-level covariances over space (within each horizontal
grid layer) to get the vertical profile of the scalar flux during the 30
minutes’ simulation.

For each of the instantaneous outputs at each grid point, the depo-

sition rate, % [kg m~3s-1] was calculated using the sink term in Eq. (4), i.
e.

F, N\

A —c, LAD\ [ ( wtiy | (@ — @..p) )

whereF, [kg m~2 s71] is the flux of scalar at each canopy grid, Az = 5
[m] is the vertical grid spacing. The last term of Eq. 4 is a volumetric
scalar concentration term per time, thus multiplying it by height will
result in a scalar flux term noted as F,,. In this study, we ignore scalar
chemistry and therefore assume that surface reactions do not enhance or
limit the deposition rate, i.e., ¢.o= 0. c, [unitless] is the leaf-surface
aerodynamic conductivity to transport of the scalar. Then, the total
surface flux of scalar due to deposition on canopy surfaces, F;, [kg m 2
s~ 1] was calculated as

h Fq)
m:h;E (8

where () marks spatiotemporal average over the horizontal domain
(though F,, # 0 only in the “forested” parts of the domain, i.e., columns
that contain canopy) and over the 30 minutes simulation analysis
period, and h is the canopy height. Fig. 4 shows the results for the total
deposition for the 18 simulations.

The average deposition in a striped canopy structure was larger than
in homogeneous canopies with similar plot-level leaf area. Total depo-
sition increased with increasing LAI, but that increase did not scale
linearly with leaf area. Increasing leaf area increased deposition in both
homogenous and stripped canopies, while this increase was more
intense in the stripes case. A four-fold increase of leaf area, from 0.5 to 2,
resulted only in a 24% increase in deposition rate for homogeneous
canopy, and in 108% in intermediate stripes (Strlh). As for spatial
heterogeneity of deposition rates within the canopy, the highest depo-
sition is occurring at the forward-facing edges of canopy stripes (Fig. 5).
In the canopy stripes, wind speed and scalar concentration are
decreasing as the wind penetrates deeper across the width of each
canopy stripe while encountering drag and depositing scalar on leaves.
Wind speed and scalar concentration then increase in the empty gap
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before hitting the next canopy stripe (Fig. 6). That covariance of wind
and scalar concentration makes the first row of upwind leaves of each
canopy stripe encounter a higher scalar concentration coupled with a
higher wind speed, leading to a high deposition rate. The spatial struc-
ture of the striped canopy allows this process to repeat making the

Fig. 5. Y-Z instantaneous cross section showing
1 only the canopy portion of the simulation
domain.The figure’s horizontal axis refers to the
model’s y-axis normalized by canopy height (i.
08 e. y/h) and starting from the upwind canopy
edge. The Figure’s vertical axis is the model’s z-
axis normalized by canopy height, (i.e. z/h)
06 starting from the ground. The background (left
color bar) is the scalar concentration [kg m3]
while the contour lines (right color bar) repre-
04 sent the deposition rate of scalar on the canopy
[kg m~> s7!]. The shaded areas represent the
TR forested parts of the simulation domain. The
02 white arrows are the v-w wind vectors, where,
for the purpose of illustration, the vertical (w)
component is scaled 5x relative to the hori-
o zontal (v). (a) Homogeneous canopy, (b) Nar-
row canopy stripes Str0.5h, and (c) Wide
canopy stripes, Str2h. All three canopies have
plot-level average LAI = 1.5.

stripes more efficient at dry deposition than homogeneous canopies.
This “recharging cycle”, however, is more efficient in the dense wider
stripes, leading to overall highest deposition rates at the dense Str1h and
Str2h cases (Fig. 4).

Homogeneous canopies under stable conditions showed lower

Fig. 6. Time-averaged wind speed (black lines,

left vertical axes) and scalar variations (grey
lines, right vertical axes) over the 1800 seconds
simulation time inside the canopy. Average was

performed over the whole east-west direction
and entire canopy height in z-direction. The

figure’s horizontal axis refers to the model’s y-

Wind Speed [ms™"]

axis normalized by canopy height (h) and
starting from the canopy edge, i.e. 0 tick defines
the first canopy edge that faces downwind.
Green fill presents the canopy footprint along
the y-axis. (a) Homogeneous canopy, (b) Nar-

o

Scalar Concentration [kg m'j]

row canopy stripes, and (c) Wide canopy

stripes. Dashed lines represents canopy of LAI
= 0.5, and solid line represents LAI = 2. The
downwind axis is normalized by canopy height,
where 0 indicates the first canopy edge facing
the wind flow.

15
y-axis (y/h)
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deposition rate (30% less deposition) than the same canopy setup under
mild unstable conditions, due to decoupling of the canopy air space that
developed under stable conditions (Fig. 7 (a)). In canopy stripes, shear
induced turbulence due to the presence of stripes was prevailing source
of turbulence in both stable and unstable conditions, which generated
significant vertical mixing allowing both atmospheric conditions to have
close deposition rates (Fig. 7 (b)). Thus, since both stable and unstable
conditions resulted in close deposition except for homogeneous can-
opies, through the discussion, we will focus the analysis on unstable
conditions.

4. Discussion

We found that both leaf area and row spacing affected the scalar
deposition rates. It is indeed expected that leaf area will increase
deposition, as it is explicitly and linearly represented in the deposition
equation Egs. 4,(7) (Hirabayashi et al., 2011; Liu et al., 2018; Wedding
et al., 1977). However, high-frequency covariance between the spatial
variations of wind speed and scalar concentration may lead to accu-
mulation of the linear effects that control scalar deposition at the
grid-scale into non-linear effects at the whole-canopy scale. The reason
for such non-linear effects is that not all leaves meet the same scalar
concentrations or wind speeds (Wiman and Agren, 1985). Adding leaves
at the top of the canopy, where wind is fast and scalar concentration is
high will be more effective than adding leaves near the ground. Similarly
leaves at the upwind-facing edge of a canopy stripe will encounter
higher scalar concentration at higher wind speeds than the same leaf
area further downwind (Fig. 6). This coupling of high scalar concen-
tration with high wind speed leads to a further higher deposition since
this latter is proportional to both scalar and wind (Eq. 7).

The interaction between the canopy surface and the atmosphere is
dominated by coherent eddy structures. These structures are manifested
through pairs of head-up and head-down vortices that induce ejections
(strong bursts) and sweep (gusts) from and into the canopy, respectively
(Finnigan et al., 2009; Katul et al., 1997; Raupach and Thom, 1981).
Momentum transfer can be dominated by either sweeps or ejections. In
order to determine how the momentum transport is occurring, we
conducted quadrant analysis, to compute ASy, an index of the sweep
dominance (following, Katul et al. 2006):

J—— T
VW >y —< V. W >p

AS():
<VW >

9

where a single prime marks the grid-box level resolved perturbation
from the horizontal spatiotemporal mean of a property. v, is the wind
velocity component at the rotated downstream direction, defined by the

domain-wise mean wind direction at the canopy-top elevation. (V; W )y,
/7 W) and (%, W )y /(% W ) are the stress fractions in the fourth (¥ is
positive and W is negative, representing sweeps) and second quadrant

Scalar Concentration [kg m'a]
10 o - ) DT

z-axis (z/h)
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(17,, is negative and W is positive, representing ejections), respectively.
Therefore, sweeps dominate momentum transfer when ASy > 0 and
ejections dominate when ASy; < 0 (Katul et al., 1997, 2006). Fig. 8
shows AS at the top of the canopy for different canopy structures. In the
canopy stripes (Fig. 8 (c-d)), we can see that ejections happen to be
mostly in canopy stripes, right after the canopy edge while sweeps
happen in empty stripes. Therefore, “dirty” air from above is being
swept into the empty spaces between stripes, then “cleaned up” by
deposition as it passes through canopy stripes, resulting in a more effi-
cient dry deposition in canopy stripes patches. The spatial coordination
between the ejection/sweep locations and the canopy stripes (as was
also observed by Bohrer et al., (2009)) further enhances the non-linear
effects of the interactions between canopy location and scalar
concentration.

We found strong ejections at the first upwind canopy edge of all
canopy structures (Figs. 5, 8). We found an enhanced uplift zone
extending from the upwind edge of the canopy to about 1.5-3h down-
wind from the edge for sparse-dense canopies, respectively. An uplift
zone near the upwind edge of a backward facing step is expected, and
was reported for sparse, canopy-like steps by Chatziefstratiou et al.
(2014). This uplift zone is then followed by an enhanced gust zone,
further downwind the canopy (Dupont and Brunet, 2009). ASy tends to
be negative near the upwind edge of the canopy, while further down-
stream (between 1h and 2h downwind of the canopy edge, into the
y-axis direction) ASy becomes mostly positive, marking the development
of an enhanced gust zone in our simulation results, where strong gusts
are present, followed by a region dominated by ejections where to ASy is
again negative.

Further downwind (>5h) from the canopy edge, the canopy struc-
ture affects the spatial organization of the ejection/sweep locations. We
found that canopy stripes tend to organize the ejections, and, especially
wide stripes, lead to co-location of more frequent and stronger ejections
directly above the forested part of the canopy stripe than above the gap
between the stripes (Fig. 8 (d)). This effect is not as strong in narrower
stripes and the ejection-sweep distribution in the Str0.5h case (canopy
structure with the narrowest stripes) is less coordinated with canopy
stripe structure than in wider stripes (Strlh is not shown in Fig. 8).

Ejection and sweep intensities vary with LAL Fig. 9 (a) shows that
fraction of sweeps over the canopy decreases with increasing LAI across
all canopy patches, thus LAI encourages more ejections across the can-
opy. Ejections are characterized to be strong burst thus enhancing tur-
bulent mixing between canopy and air above.

We used a relatively high-resolution (5 m) LES simulations to
explicitly resolve the momentum-canopy-concentration interactions
that drive the dry deposition rates. However, such high resolution
approach is not feasible for most applications, because the high
computational demands limit its application over large domains and
long periods. It is possible that our model resolution may not be suffi-

Scalar Deposition [kg m?s™]  Fig. 7. Y-Z instantaneous cross section along
q0® the y-axis showing only the canopy portion of

the simulation domain. The figure’s horizontal
axis refers to the model’s y-axis normalized by
canopy height (i.e. y/h) and starting from the
' upwind canopy edge. The Figure’s vertical axis
15 is the model’s z-axis normalized by canopy
height, (i.e. z/h) starting from the ground. The
background (left color bar) is the scalar con-
centration [kg m~>] while the contour lines
(right color bar) represent the deposition rate of
0 scalar on the canopy [kg m~3 s71]. The shaded
areas represent the forested parts of the simu-

lation domain. The white arrows are the v-w

wind vector, where, for the purpose of illus-
tration, the vertical (w) component is scaled 5x

relative to the horizontal (v). (a) Homogeneous canopy under stable conditions, and (b) Intermediate canopy stripes Str1h under stable conditions.
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cient to resolve the full details of the shear layer at the top of the canopy
(Ross, 2008). Nonetheless, our model resolution is high enough to
resolve the main component of the eddy motion within and above the
canopy, as indicated by the inflection point at aerodynamic canopy
height (Fig. 2 (b)). Typically, in regional and global atmospheric models,
and in large-scale deposition models, such as i-TREE (Hirabayashi et al.,
2015), the grid resolution is coarse to the degree that surface fluxes must
be parameterized, and cannot explicitly resolve the effect of small-scale
interactions between canopy structure heterogeneity, and turbulence
transport and momentum. One common parameterization approach (e.
g., the one used in the models: i-TREE (Hirabayashi et al., 2015), UFORE

Fig. 9. (a) Fraction of sweeps out of both
ejection and sweeps structures at 10h into the
canopy. Spatial average of AS, was calculated
over the whole y-axis (480m), a height going
from O to 1.5h (0-30m), and along a band of 8h
(160m) width in the northward centered at 10h
(200m) into the canopy. The band has the same
number of canopy stripes and empty stripes in
y/h the non-homogeneous cases. (b) XY section of
Str2h case illustrating the band (hatched sec-
tion) over which AS, was calculated. Both axes

MN\\\\\\&

I\

(Nowak and Crane, 2000), and LUR (Bottalico et al., 2016)) is to
represent the surface scalar flux, F,, as:

F.=v,AC (10)
where
: an
Vv, =
a Fa+re

where v4 [m s~ is the conductance (also, deposition velocity), AC [kg
m %] is the concentration gradient between the boundary layer and leaf
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surface. Usually, in models such as i-tree, v, is the inverse of the sum of
the resistances: aerodynamic, boundary layer, and canopy resistances
(Hirabayashi et al., 2015). In our formulation of v4, we considered the
boundary layer aerodynamic resistance r, and canopy resistance r.

We propose an approach to translate LES results into a whole-domain
form equivalent to the representation of our entire domain in a coarse
model. First, we calculated the mean high-resolution surface scalar flux
on top of the canopy, i.e. the scalar flux into the canopy, within the
canopy footprint, F, [kg m~2 57, from our model outputs using Eq. 8.
On the other hand, F;, could be calculated as:

Fu = va((@) 500~ 0.0) 12)

where it is equivalent to a scalar gradient between the mixed layer above

the canopy, (@) fggg, and the canopy surface, ¢, o, which is 0 in our case.

The operator () fggﬂ marks spatial and temporal averaging over the

domain width and height levels between 300 and 150 m above ground,
which in our simulations mark the mixed layer near the upper parts of
the planetary boundary layer, above the surface roughness sub-layer,
where u* is nearly constant. Thus, a coarse-scale equivalent of the sca-
lar deposition rates in our simulation results, analogous to Eq. (10) is:

We can approximate a bulk r, for our simulation domain using a u/
ux? dependent formulation (Monteith and Unsworth, 1990):

ik, 62
Ta =Tay +7p = ( w2 +u*(2/3) a3)

where rgy is the aerodynamic resistance to surface transport of mo-
mentum, and r;, is the access resistance to transport of a scalar. We can
express canopy resistance to scalar transport, r., as the sum of two serial
resistances proportional to leaf area:

_Tea + Ies

=4 @ 1
ro=ra 14

where r.4 [dimensionless] is the resistance coefficient for moving a
scalar from the open atmosphere at the aerodynamic surface height (just
above the canopy) into the canopy air, and r,s [dimensionless] is the
resistance of the leaf skin surface to scalar deposition.

We can then cast vy is terms that are computed by our simulations:

1 w LA

Ta+ e —\ 1300m '
LA ()| .
u* 1 ”Enm + Mxﬁ(zz/z} + Tea +1

Va (15)

Consistent with coarse models, such as PALM’s formulation of Eq. (6)
and our setup of canopy resistancer,s =c, = 1. Provided the simulation
results, equations 11-16 can be solved to determine r.4. This resistance
term accounts for the LES-resolved effects per leaf area of small-scale,
high-frequency, turbulence-canopy-concentration interactions on the
effective overall conductance of scalar from the boundary layer to the
leaf surface:

@ lison (@l 62 1
rcAuLAI[ Fy +u*<2/3> ~rall (16)

Wesely and Hicks (1977) derived a commonly used approach to
parameterize surface resistance to mass exchange between canopy layer
and atmosphere using the surface transfer function, B’l, defined as

kB! = ku'r, 17)

where k is the von Karman constant and r; is the surface resistance which
is associated with material transfer from air to surface component that is
in contact with and is in [m s'1, and which we defined as r.s in our
derivation of resistances. Thus, using analogy between r; and r., we can
further relate r, to the common parameter for the surface transfer co-
efficient, B™1, as:
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Bl'=ur = .
LAI LAl

18)

And while there are many alternative formulations for B! (based on
roughness length, friction velocity, and Schmidt number, e.g., (Cham-
berlain, 1966; Garratt and Hicks, 1973), the first term of the right hand
side of Eq. (18), namely the leaf skin resistance, is already addressed by
these formulations. Therefore, including the last term on the right hand
side, the canopy air resistance, which was calculated in Eq. (16), could
provide a correction term to the currently utilized B'. This correction
term would represent an approach to utilize LES results for parameter-
izing the large-scale effects of canopy patch structure and, thus, improve
large-scale models estimation of dry deposition over areas with het-
erogeneous vegetation.

Our study show that, for a given canopy structure, r,4 could be
approximated as a linear function of LAI (Fig. 10). In homogeneous
canopies, at least within the range of LAI between 0.5 and 4 (which is the
common range for vegetation, except the tropics where LAI can be as
high as 10) any addition of LAI is increasing the resistance per leaf area
and making the canopy relatively less effective in removing scalar.
However, in striped canopies, adding LAI decreases the resistance per
leaf area, and the dense stripes are more effective in scalar removal than
the sparse ones of the same structure (Fig. 4). Thus, total deposition for
homogeneous canopies increases with LAI at a lower rate than for can-
opies stripes (Fig. 4). The non-zero slopes in Fig. 10 (a) prove the non-
linearity between leaf area density and dry deposition rate. The effect
of patches is further emphasized in Fig. 10 (b), where similar trends are
observed for a given LAI when going from homogeneous to structures
with wider canopy stripes. It is noteworthy that while the differences
between the homogeneous and the striped structures are large, there are
relatively small differences in canopy resistance at a given leaf area
among the striped structures of different stripe spacing, at least within
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Fig. 10. (a) Canopy resistance per leaf area, rc4, vs. LAI (a) and vs. Patch Type
(b). Hom is Homogenous canopy, Str0.5h is narrow stripes canopies, Strlh is
intermediate stripes canopy, and Str2h is wide stripes canopies.
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the range that we tested, with stripe widths of 0.5h-2h.
5. Conclusion

We can design forested patches, especially in urban and industrial
settings, to improve air quality by increasing the surface deposition flux
of pollutants. However, in order to optimize the air quality regulation by
greenbelts, we must understand the effects of the canopy structure and
leaf density on the pollutant deposition rates. This LES-based virtual
study was conducted in order to identify two characteristics of canopy
structure, leaf area density and row spacing, on dry deposition of a
passive scalar. Our results showed that more deposition occurred on
denser canopies, however, adding leaves to homogenous canopies made
them relatively less effective while adding leaves to striped canopy
structures made them relatively more effective. We found that the driver
of this effect of canopy structure lies in eddy-driven spatial covariance
between wind speed, scalar concentration, and canopy structure. In
striped canopies the sweep events became co-located with the gaps be-
tween the stripes, leading to more effective “recharge” of the canopy air.
Air with higher scalar concentration from aloft was pushed into the
canopy gaps and hit the backward pacing edges of the leaf rows at
relatively high speed and high concentration, and thus, providing more
deposition per leaf area. In homogenous canopies, the sweeps were less
pronounced and the canopy air remained relatively clean, and within
canopy wind speed remained low, providing less opportunities for
deposition on leaf surfaces.

We used classic surface flux theory to relate our detailed, high-
resolution simulation results to bulk, large-scale parameterization of
surface conductivity to scalar flux. Increasing leaf area and changing the
stripe spacing of the canopy structure affected the surface resistance
beyond its first order effect on aerodynamic resistance. The parameter of
canopy resistance per leaf area, rc4, can be calculated from the simula-
tion results and could be used as an additive term to standard B! pa-
rameterizations of surface resistance to account for canopy structure and
leaf density effects. We showed that r4 vary linearly with leaf area, and
the slope (and direction) of that linear relationship depends on canopy
structure. With a positive relationship in homogenous canopies and
negative relationship in striped ones. The spacing of the stripes did not
affect the slope of the relationship between r 4 and leaf area.

With additional simulations to create a more complete picture of the
possible scenarios combining canopy structure, surface fluxes and
meteorological conditions (see Supplementary Material), results could
be used to improve the modeling of dry deposition on tree surfaces, by
providing a leaf-area based correction to the surface conductance term.
Improved understanding of dry deposition on tree surfaces could be used
to optimize the synergy already present between forest ecosystem and
air pollutants emitted by industrial complexes (Charles et al., 2020;
Gopalakrishnan et al., 2019). Greenbelts downwind industrial sites
could be planted in rows, noting that the trees with higher leaf area
would be better since they would have more deposition. Such alterna-
tives will facilitate efficient air quality regulation by forests and boost
the techno-ecological synergy present between the forest ecosystem and
industrial sites’ emissions. It should be noted that our study does not
apply only to industrial emissions but to any air pollutant that being is
transported downwind a forest patch.
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